The kinetics of spontaneous composition pattern formation in a quenched alloys under irradiation is numerically studied by means of phenomenological Enrique-Bellon equation for the local concentration field. In the present model the irradiation effect is modeled as a ballistic mixing with an average distance of atomic relocation R and its frequency Γ . Several two-dimensional computer simulations show that the competitive mechanism between phase separation and irradiation-induced mixing might provide a novel way to stabilize and tune the steadystate nanostructures of phase separating materials in some region on (R, Γ ) space.
Introduction
The kinetics of phase transformations in materials driven far from thermodynamically equilibrium by an external driving force has recently attracted considerable attention. The term "driven systems" has been introduced to refer to these systems. 1) A typical example of an evolving non-equilibrium system is given by materials under irradiation. Irradiation can create a variety of different phenomena, such as collision cascades, cascade damage, and radiation-enhanced diffusion, depending sensitively on the actual experimental condition.
2) For metals and miscible alloy systems, experimental and theoretical study on irradiation effects have been done extensively. 1) For instance, spontaneous formation of metallic nanostructures under irradiation have been recently observed in Au/SiO 2 and Pt/SiO 2 .
3) On the other hand, immiscible alloys under irradiation have, however, been less studied, since more complicated situations can be encountered through the interplay between irradiation and the internal kinetics in these systems. 2) In particular, an important but less studied case is ion-beam mixing of immiscible quenched alloys, where irradiationinduced ballistic mixing acts in opposition to thermodynamically driven kinetics like a spinodal decomposition. Each time an external particle collides with the solid, a local atomic rearrangement is produced. This rearrangement has a ballistic component that mixes the atoms regardless of their chemical identity, leading to bring the system to a random solid solution. During this ballistic mixing, a number of exchanges of atomic positions occur with an average relocation distance R and the frequency of these forced exchanges Γ , whose typical values are R∼10 nm and Γ ∼10 4 s −1 .
2) To explore such competitive effects, the Cahn-Hilliard type dynamical equation for the local concentration field 4) is known to provide a powerful tool, which has proposed by Enrique and Bellon. 5) As far, their continuum model has been used only to discuss the linear stability analysis for the limiting case of spinodal decomposition from the unstable state under ballistic mixing.
In this work, we report on two-dimensional computer sim- * Graduate Student, Nagoya Institute of Technology.
ulation results of Enrique-Bellon model, focusing on the long time behavior of compositional pattern formation. Especially, we will study the following effects on the morphology; (1) the average exchange range R, (2) the exchange frequency Γ , and (3) the initial homogeneous concentration S i of the alloy. Despite the importance of controlling the compositional structures, these have been less studied previously, except for the mean field treatment and kinetic Monte Carlo simulation only for S i =0. 6) Numerical calculation of the continuum EnriqueBellon model is computationally advantageous to study the large-scale and long-time properties of the system, compared with the kinetic Monte Carlo method. It is because the continuum model is based on the mesoscopic picture using the coarse-grained free energy, while the Monte Carlo simulation model is based on the microscopic picture.
The Model
We studied the spontaneous formation of compositional patterns in a quenched binary alloy with a positive heat of ballistic mixing under irradiation. The equation governing the time evolution of the system was given by Enrique and Bellon
where S(r, t) is a local composition difference of the two constituents of the alloy at time t and position r. Here, we have chosen the system free energy density as −AS 2 + B S 4 + C(∇ S) 2 with positive coefficients A, B, and C, which are assumed to be constant as well as a mobility M in eq. (1) . Estimation of these parameters would be required for the microscopic information about a specific system. The first term in the above equation represents the usual phase separation dynamics given by Cahn and Hilliard, 4) and the second terms describes the forced mixing term due to irradiation with the frequency of atomic relocation Γ . In the second term, S R represents a finite average of the concentration profile around 642 Y. Enomoto and M. Sawa r, given by
where the weight function w R (x) ≡ exp(−|x| 2 /(2R 2 )) denotes the distribution of atomic relocation distance with the average exchange distance R. In the model, for the sake of simplicity, the concentration of irradiation-induced point defects was assumed to have reached a steady value, and also the contribution of interstitials as well as defect sinks and clusters 7) was neglected. Moreover, non-ballistic mixing effects, any coupling between the degree of order and the concentration field 8) are not considered. Due to these assumptions, the above model excludes phenomena related to the orderdisorder transition and macroscopic solute migration such as irradiation-induced heterogeneous precipitation. We focus on two-dimensional compositional patterning on the irradiated materials, neglecting the bulk diffusion and irradiationinduced phenomena occurring in the interior of the sample. These situations can be easily realized in thin film experiments with not too energetic cascades and some temperature region depending on the irradiated material properties 2) (e.g., 1 MeV Kr ion irradiation in Ag-Cu thin films at temperature ranging from 80 to 473 K 9) ). At least, the following two-dimensional simulation results might be applicable for the system with D/Γ R 2 where D is the bulk diffusion constant, since the bulk diffusion-induced phenomena can be ignored in this case. Now, it was discussed on the linear stability analysis of the initial homogeneous state. Similar analyses have been done for the case S i = 0. 
with k = |k|. The linear stability analyses of eq. (3) have shown that there are two characteristic values of Γ , denoted by Γ 1 and Γ 2 , which depend on R and S i . For Γ > Γ 2 the system is homogeneously mixed (solid solution), while for Γ < Γ 1 the homogeneous state is linearly unstable to grow, leading to macroscopic phase separation. For
+ are linearly unstable, suggesting a wave length selection at long times 5) (i.e., the steady-state patterning). Moreover, an interval of the exchange frequency window [Γ 1 , Γ 2 ] decreases with R, reaching a zero value at a critical value R c , when Γ 1 = Γ 2 . Thus, the steady-state patterning is not possible for ballistic mixing with exchange distance smaller than R c . For
, and
c − 0.5R −2 . These analytic predictions have been partially confirmed by the kinetic Monte Carlo simulations only for the case S i = 0.
6) The question is whether the similar results are obtained for the present continuum approach including the non-zero S i case as well.
Simulation Results
Two-dimensional computer simulations of the phase separation dynamics under irradiation was carried out by changing values of S i , Γ , and R. The system considered here is a twodimensional plane, which corresponds to irradiated material surface. In the following simulations, we used the dimensionless variables such as r e ≡ R/L 0 and g ≡ t 0 Γ , by using the units of length
, and concentration field S 0 = √ A/(2B). The resulting dimensionless eq. (1) is solved numerically on a 256 × 256 square lattice with periodic boundary conditions, using a standard finite-difference scheme with mesh size being 0.5 and time step 0.01 Similar numerical procedure has been used in our previous work with different model. 10) The initial state of the system consists of a Gaussian random distribution of the concentration with the mean value S i /S 0 and standard deviation 0. the other hand, a solid solution where S(r, t) S i = 0 even at long times, is observed in Fig. 3 for g = 0.5 (>g 2 ). The same behavior has been obtained for S i /S 0 = 0.3 and g = 0.5, but this result is not shown here. For intermediate value of g at long times (here, g = 0.05 and t ≥ 500), we can see the steady-state labyrinthine pattern at S i /S 0 = 0 in Fig. 2 and the steady-state droplet patterns at S i /S 0 = 0.3 in Fig. 5 . These results are in agreement with theoretical analyses mentioned in the preceding section.
To analyze both the time evolution and long-time behavior of compositional patterns, we examine the structure factor of the system, I (k, t) ≡ |S(k, t)| 2 , where · · · denotes the average over ten independent simulation runs. In the following discussion, we use the spherically averaged structure factor I (k, t) and its characteristic wave number k , which are defined by I (k, t) = I (k, t)dΩ with k = |k| and solid angle Ω in k-space, and k = k I (k, t)dk/ I (k, t)dk, respectively. Figures 6(a) and (b) show the averaged structure factor I (k, t) at long time t/t 0 = 500, and the time evolution of the characteristic wave number k , respectively, at r e = 8 and S i /S 0 = 0 for g = 0.0005, 0.05, and 0.5. The result at g = 0.5 is not shown in Fig. 6 eter values, asymptotic behavior of structure factors is classified into three regimes corresponding to respective pattern morphology: (1) for phase separation regime, I (k, t) has a single peak at a time-decreasing peak position, and the characteristic wave number decreases with time as
(the well-known 1/3 growth law exponent); (2) for steadystate regime, I (k, t) has a single peak, and the peak position and k gradually become constant, which correspond to the characteristic length of steady-state patterns; (3) for solid solution regime, I (k, t) 0, which corresponds to a homogeneous state. For the steady-state regime, k is found to be an increasing function of g as is shown in Fig. 7(a) . From  Fig. 7(b) with further simulations, we also find a scaling relation between k and r e for r e ≥ 8 as r e k L 0 = F(gr 3 e ) with a scaling function F(x). Such scaling behavior has been predicted theoretically for large r e , 5) but this is the first evident confirmation. Finally, we note that the similar results have been obtained for the non-zero S i case as well.
Since we have obtained k L 0 ∼ 0.6 in the present simulation at g = 0.005, r e = 8 and S i = 0, and also R c ∼ 0.1 nm in most experiments, 2) the characteristic wave length of the steady-state pattern in this case is estimated as 2π/ k ∼ 1 nm. Thus, the irradiation might be used as a processing tool to synthesize nanostructures in a self-organized manner. The present simulation is restricted to the two-dimensional case. However, as is similar to the case of the simple phase separation dynamics, 11) the qualitative properties of the system such as the existence of scaling behavior and occurrence of the steady-state regime are expected to be appropriate even for the three-dimensional case. On the other hand, the detailed features such as the explicit form of scaling function and onset time of the steady-state regime might depend on the dimensionality.
Conclusion
In summary, we have numerically studied the twodimensional phase separation dynamics of quenched alloys driven by irradiation, where the phase separation dynamics competes with the irradiation-induced ballistic mixing. This is the first simulation study of the continuum Enrique-Bellon model. From several simulation results it has been found that the irradiation-induced ballistic mixing can affect the dynamical process of phase separation in various manners, and it might provide a novel way to control the steady-state compositional morphology of phase separating materials under some irradiation conditions. Thus, the present model has been shown to be useful and potentially rich to examine appropriate experimental conditions to create a favorable steady-state nanoscale pattern morphology, at least in a phenomenological level.
In the present work we have concentrated on rather simplified situation. In order to compare simulation results with real experimental data, both of further simulation study including other important factors neglected here (as was mentioned in Sec. 2) and further theoretical analysis of numerical results are needed, as well as estimations of phenomenological parameters in the model. These are left for future study.
